Abstract Lecithin:retinol acyltransferase (LRAT) is a major enzyme involved in vitamin A/retinol metabolism, which regulates various physiological processes like cell proliferation and differentiation. LRAT expression is reduced in numerous cancers, yet the underlying mechanisms have remained undefined. We hypothesized that methylation silencing may contribute to decreased LRAT gene expression in colorectal cancer (CRC). LRAT hypermethylation status was analyzed in five CRC cell lines, 167 colorectal tumors, and 69 adjacent normal colonic mucosae, using a quantitative bisulfite/PCR/LDR/ Universal Array assay. LRAT transcription levels were determined by real-time RT-PCR in a subset of tumors and matched normal tissues and in CRC cell lines that were treated with a demethylating agent, 5-aza-2 0 -deoxycytidine. The incidence of LRAT hypermethylation was significantly higher in colorectal tumors than in adjacent normal mucosae (p = 0.0025). Aberrant methylation occurred in 51 % of microsatellite-stable CRCs, in 84 % of microsatellite-unstable CRCs, and in 12 out of 13 colonic polyps. The number of hypermethylated LRAT events was inversely correlated with CRC stage (p \ 0.0001). Importantly, LRAT hypermethylation was associated with decreased mRNA level in CRC clinical specimens, and demethylation treatment resulted in LRAT transcriptional reactivation. Our data support the idea that LRAT promoter hypermethylation associates with LRAT gene expression in CRC. The higher frequency of LRAT hypermethylation in colonic polyps and early-stage CRCs indicates that it may occur early in malignant progression. 
Introduction
The control of normal cell growth, cell differentiation, and apoptosis is the primary physiological function of retinoids, i.e., vitamin A (retinol) and its derivatives [1] . The physiological actions of vitamin A are either oxidized into its active metabolite, retinoic acid, or stored in the form of retinyl esters. Inside the cell, the necessary oxidation steps for retinoic acid synthesis initially involve a family of retinol dehydrogenases (RDHs) that convert all-trans retinol and 9-cis retinol into the corresponding all-trans and 9-cis retinaldehydes. Followed by a second oxidation, all retinaldehydes are converted to retinoic acid that is either degraded via hydroxylation or transferred into the nucleus, where it may bind to its nuclear receptors (RAR a, b, c) to stimulate the transcription of target genes [2] . On the other hand, lecithin:retinol acyltransferase (LRAT) converts excess retinol into retinyl esters, which are then transported into the blood and stored in the liver [3] . An improper balance between retinol and its metabolites, collectively called retinoids, has been linked to the occurrence of various carcinomas [4] [5] [6] .
Colorectal cancer (CRC) is one of the leading causes of cancer-related deaths in the Western world and in the USA [7] . The well-recognized sequential, multistep CRC model-from hyperplasia, adenoma, and eventually carcinoma-makes it an attractive study system. Several previous investigations have demonstrated a connection between retinoids and colonocyte function, and the development of colon neoplasms. In a mouse model study, vitamin A deficiency was linked to abnormal colonic epithelia, including a reduction in mucus-secreting cells and healing defects in colonic anastomosis [8] . In CRC patients, decreased serum retinol levels were associated with the neoplastic process [9, 10] . Additionally, reduced expression of RDHs (RDH5 and RDHL) in colonic adenomas and carcinomas, as compared to normal colon [11, 12] , was thought to lead to decreased mucus production, expansion of proliferation zones within crypts, and ion flux alterations in colon epithelial tissues [11] . These studies have shown a relationship between tumor development and the alteration of genes involved in retinoid metabolism.
Methylation silencing has been implicated as another mechanism that may compromise retinoic acid metabolism in cancer. For instance, aberrant promoter hypermethylation of cellular retinoic acid-binding protein 1 (CRABP1), a protein that regulates retinoic acid nuclear transportation following retinaldehyde oxidization, was observed in CRC cell lines and resulted in increased cellular sensitivity to retinoic acid [13] . Cellular retinol-binding protein 1 (CRBP1), a retinol chaperone that interacts with various retinoid-metabolizing enzymes, was found hypermethylated in many cancers including 57 % of CRCs, and hypermethylation was correlated with a decreased transcription [14, 15] . CRBP1 deficiency is thought to diminish retinol transport and block the formation of retinyl esters. Altogether, these observations indicate that impairment of retinoid metabolism in tumor malignancies may be explained at least in part, by aberrant DNA hypermethylation of genes involved in retinol metabolic pathway.
LRAT is essential for maintaining normal retinoic acid concentrations in the cell. Previous analyses detected a decreased LRAT activity in various cancer cell lines and cancer tissues, including prostate, breast, oral cavity, skin, bladder, and kidney [3, [16] [17] [18] , suggesting that LRAT deficiency resulting in a perturbed retinoid metabolism in carcinogenesis. A very recent global methylation marker study has implied that LRAT hypermethylation linked to reduced gene expression in hepatocellular carcinoma [19] ; however, the mechanisms underlying the decline in LRAT expression in CRCs are not well documented. We hypothesized that methylation silencing may play an important role in the modulation of LRAT function in retinoid metabolism, which could have a significant impact on CRC development and progression.
Materials and methods

Study population
Details of study population have been described previously [20] . Briefly, the population consisted of 167 patients who presented at Memorial Sloan-Kettering Cancer Center with a sporadic colorectal neoplasm between 1992 and 2004. Primary tumors were located in the proximal, the distal colon, or the rectum. The study cohort included White Non-Hispanic, White Hispanic, Black Non-Hispanic, Asian, and American Indian patients. Age ranged from 17 to 86 years with a median age of 66. All specimens were thoroughly examined by pathologists and microdissected. Tissue procurement and sample usage were done under IRB-approved protocols.
Quantitative real-time RT-PCR Total RNA from frozen tissues was extracted using TRIzol reagent (Invitrogen) and purified by the RNeasy mini columns (QIAgen). DNase-treated RNA concentration was measured using NanoDrop 1000 spectrophotometer (Thermo Scientific), and the quality was analyzed with Bioanalyzer 2100 (Agilent). cDNA was synthesized from 1 lg total RNA using multiscribe reverse transcriptase. LRAT RNA levels were measured using predeveloped LRAT TaqMan Ò assay (Hs00428109_m1, Applied Biosystems). The human GAPDH (Hs99999905_m1) gene was used for normalization. Quantitative PCR was performed with the Stratagene Mx3005p real-time thermal cycler (Agilent Technologies, Santa Clara, CA). Each sample was measured in triplicates, and the average Ct (threshold cycle) was used for calculating mRNA levels.
Determination of promoter hypermethylation status
Details of the methylation study using bisulfite/PCR/LDR/ Universal Array were described previously [20] [21] [22] . Standard curves were established for each interrogated cytosine to calibrate the methylation ratio ( Supplementary Fig. 1 ). Generally, methylation levels at six CpG sites located in LRAT intronic region were averaged to determine the overall promoter methylation value in a sample. Hypermethylation was considered when a sample's overall methylation value was greater than one standard deviation of the mean of normal tissues' overall promoter methylation values. This cutoff scored samples with 15 % or more methylation in a promoter region.
Cell cultures and 5-aza-2 0 -deoxycytidine treatment All CRC cell lines were originally obtained from ATCC, and their genetic origin has been confirmed by DNA fingerprinting (STR profiling). Cell cultures subjected to a demethylating treatment were incubated with 2uM 5-aza-2 0 -deoxycytidine (5-aza-dC) (Sigma, MO) for a period of 3 days. The drug and media were replaced every 24 h. Cells were harvested at the end of the third day, and promoter methylation status was determined using the bisulfite/PCR/LDR/Universal Array assay. Mock-treated cells were prepared in parallel as controls, using the same volumes of PBS and/or ethanol.
Statistical analysis
Statistical comparisons were performed by either Student's t test or Wilcoxon signed-rank test. The correlation studies were computed using the chi-square or Fisher's exact (twosided) tests of the n 9 m contingency tables. p values of \0.05 were considered significant. Multiple-testing correction was performed using the Benjamini-Hochberg method to find those tests with a false discovery rate (FDR) of at most 5 %.
Results
CRC cell lines exhibit various degrees of LRAT promoter hypermethylation
A CpG island was observed in the LRAT promoter starting near the 5 0 untranslated region (UTR), continuing across the first intron and the translation start site, and then extending into the second exon. LRAT methylation status was initially assessed in three CRC cell lines using methylation-specific PCR (MSP) (Fig. 1a) . LRAT hypermethylation was detected in all cell lines; however, DLD1 and HT29 cells appeared to have higher proportion of LRAT hypermethylation than the event in SW620. The data suggested a common occurrence of aberrant LRAT promoter hypermethylation in CRC cell lines. To accurately quantify methylation levels in the LRAT promoter, a bisulfite/PCR/LDR/Universal Array assay was employed to interrogate six cytosines interspersed among the first exon and the first intron (Fig. 1b, c) . Using this approach, DLD1 cells exhibited the highest methylation level than HT29 and other CRC cell lines (Fig. 1d ). These differences in hypermethylation levels were consistent with the observations using MSP, thereby corroborating that a variation in the extent of aberrant LRAT methylation among CRC cell lines.
High incidence of LRAT hypermethylation in primary colorectal tumors
The frequency of aberrant LRAT methylation was subsequently analyzed in CRC tissues using the bisulfite/PCR/ LDR/Universal Array assay. Analysis of genomic DNA extracted from microsatellite instability (MSI) tumors was performed initially, as those tumors tend to possess many hypermethylated genomic loci [20] . Indeed, LRAT hypermethylation was found in 26 of 31 (84 %) MSI tumors (Table 1 and Supplementary Fig. 2A ). Because MSI accounts for only 10-15 % of sporadic CRCs, we next sought to determine hypermethylation incidence in the majority of CRCs, by examining another 205 clinical specimens comprised of 13 colonic polyps, 123 microsatellite-stable (MSS) tumors, and 69 adjacent normal mucosae (Fig. 2a) . Compared to normal colorectal mucosae, nearly half of the tumors showed medium-to highlevel and tumor-specific (p = 0.0025) cytosine methylation at sites 1-6 (Fig. 2b , and Supplementary Fig. 2B ). The differential methylation pattern of the cytosines was validated in a subset of 10 MSS tumors using bisulfite sequencing ( Supplementary Fig. 3A ). The concordance of the results obtained with two independent methylation assays confirmed the common occurrence of aberrant LRAT hypermethylation in CRC tissues ( Supplementary  Fig. 3B ). The LRAT methylation profile also revealed an inverse relationship between CRC stages and the number of hypermethylated LRAT events (p \ 0.0001, Table 1 ). Namely, instances of hypermethylation were more frequent in earlier tumor stages (I/II) than in later stages (III/IV LRAT hypermethylation correlates with reduced transcription in matched primary tumors
To determine whether LRAT promoter hypermethylation correlated with decreased transcription in CRC, the methylation and RNA levels of the LRAT gene were examined in ten paired (tumor and matched normal) colorectal specimens (Fig. 3a) . Each of the ten tumor samples was previously identified as hypermethylated in the LRAT gene, contrary to their adjacent normal tissue counterparts. We observed that colorectal tumors with LRAT hypermethylation display at least an eightfold or greater decrease ( DD C t C 3) in LRAT mRNAs, as compared to the transcript levels in the corresponding adjacent normal mucosae. The association between LRAT hypermethylation and transcription levels was further scrutinized in an additional 20 CRC samples (Fig. 3b) . Overall, samples with higher LRAT methylation levels were associated with greater The methylation difference among MSS samples was calculated by Mantel-Haenszel chi-square analysis (p \ 0.0001) real-time PCR cycle threshold (C t ) values, i.e., lower LRAT transcript levels, indicating that hypermethylation at these CpG sites correlated with decreased LRAT transcription.
Reactivation of LRAT gene expression by 5-aza-2 0 -deoxycytidine in cancer cell lines To demonstrate that hypermethylation at the measured CpG dinucleotides was functionally relevant in the modulation of LRAT expression, we examined the effect of a demethylating agent, 5-aza-dC, on LRAT mRNA levels in CRC cell lines showing LRAT hypermethylation. A 72-h demethylating treatment resulted in reactivation of LRAT mRNAs in DLD1 (*1000-fold, DD C t * 10), HT29 (*5.7-fold, DD C t * 2.5), and SW620 (*4-fold, DD C t * 2) cells (Fig. 4) . Overall, our data linked demethylation of the LRAT promoter with reactivation of its transcription, implying that aberrant LRAT promoter hypermethylation impaired its gene function.
Discussion
It has been proposed that LRAT, in conjunction with cytochrome P450 hydroxylases, plays essential roles in regulating the availability of retinol as a retinoic acid precursor [24] . Different mechanisms were reported to modulate LRAT gene expression and therefore may have a crucial impact on retinol metabolism. Firstly, vitamin A and retinoic acid regulate LRAT gene expression in a tissue-specific manner [25] . Study in murine has shown that liver LRAT mRNA level and its activity responded dose dependently to vitamin A, while LRAT expression remained constitutively active in other tissues such as small intestine and testis. Secondly, it was also reported that the level of CRBP may regulate LRAT gene expression [24, 26] . The ratio of free CRBP to holo-CRBP (i.e., retinol bound) directly reflects retinol concentration and thus influences retinol's ability to regulate LRAT activity. In the present work, we propose LRAT promoter hypermethylation as another mechanism in the modulation of LRAT gene expression and function. Methylation silencing may abolish the ability of retinol and retinoic acid positively regulating LRAT gene expression and disrupt retinoid homeostasis, namely the dynamic balance between retinoic acid and retinol concentrations. Such an imbalance may interfere with regular cell growth, differentiation, and apoptosis.
The determination of LRAT methylation status was based on the averaging cytosine methylation levels at multiple CpG sites. This strategy not only allowed a representational mapping of cytosine methylation levels over a relatively large window, it also minimized scoring of false hypermethylation events that were resulted from sporadic methylation, such as one or two methylated CpG sites in the analyzed promoter region. Our study, which focused on the proximal CpG island of LRAT promoter, provided evidence for a correlation between LRAT methylation and expression levels in clinical specimens. Moreover, our methylation assay was validated by bisulfite, sequencing in ten clinical CRC samples. Although we cannot completely rule out the contribution of another CpG island in the vicinity of an alternative transcription start site located further upstream, our results strongly argue in favor of a direct effect of LRAT proximal promoter methylation on its gene function.
In the present work, LRAT hypermethylation was the most frequent in MSI and early-stage MSS CRCs, which are typically associated with a better prognosis. One interpretation is that LRAT hypermethylation may be attributed to a CpG island methylator phenotype (CIMP), characteristic of a subset of CRCs that have multiple hypermethylated genes and significantly correlate with MSI [20, 21] . Hence, LRAT hypermethylation was detected in 9 out of the 12 CIMP-positive cases identified in a subset of 58 CRC samples that were previously analyzed for CIMP ( Supplementary Fig. 4 ). However, in the same sample cohort, aberrant LRAT hypermethylation was equally found in CIMP-negative tumors, thus ruling out the possibility that frequent LRAT hypermethylation was part of the CIMP-dependent features.
It is noteworthy that LRAT hypermethylation occurred in nearly 22 % of adjacent normal colonic mucosae and tended to be in older CRC patients (Tables 1, 2 ). Methylated genomic loci with similar features are often classified as a ''type A'' (age-related) methylation marker [27, 28] , suggesting a predisposing factor with increased CRC risk during aging [29] . The presence of methylated loci in the adjacent normal-appearing tissues may also imply a field effect in which abnormal gene expression happens not only within few centimeters of the tumor margin, but possibly extends to the entire mucosal field [30] . The potential field effect of LRAT points to its contribution to early colorectal carcinogenesis, which is consistent with the frequent LRAT hypermethylation found in colonic polyps. Additionally, LRAT hypermethylation in adjacent normal-appearing tissues seemed more frequent in female than in male patients (Table 2) . Although this gender-associated result was another potential characteristic of type A markers and was in agreement with a previous work by Kawakami et al. mRNA fold changes were measured by real-time RT-PCR and calculated using the delta C t method ( D C t ). D C t was defined as C t(LRAT, mock treated) -C t(GAPDH, mock treated) or C t (LRAT, treated) -C t(GAPDH, treated) . Average methylation levels of six CpG sites (1) (2) (3) (4) (5) (6) in the presence or absence of 5-aza-dC are shown below their corresponding mRNA fold changes. b Restoration of LRAT enzymatic activity in the DLD1 cells in the presence of 5-aza-dC. HPLC analytical profiles are displayed. RE retinyl esters, ROH retinols [31] , a recent study of type A markers in normal colonic mucosae reported male-associated methylation events [32] . These divergences may be related to differences in patient populations, sample sizes, as well as different genetic loci, or CpG islands selected in these analyses. In summary, our study shows that LRAT promoter hypermethylation occurs frequently in CRCs. Promoter hypermethylation resulting in gene silencing provides a plausible mechanism for the reduced LRAT expression observed in various human cancers. 
